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Niobium  and  titanium  are  added  to  316  stainless  steel,  and  then  heat  treatment  and  surface  treatment 
are  performed  on  the  316  stainless  steel  and  the  Nb-  and  Ti-added  alloys.  All  samples  exhibit  enhanced 
electrical  conductivity  after  surface  treatment  but  have  low  electrical  conductivity  before  surface  treat¬ 
ment  due  to  the  existence  of  non-conductive  passive  films  on  the  alloy  surfaces.  In  particular,  the  Nb-  and 
Ti-added  alloys  experience  a  remarkable  enhancement  of  electrical  conductivity  and  cell  performance 
compared  with  the  original  316  stainless  steel.  Surface  characterization  reveals  the  presence  of  small 
carbide  particles  on  the  alloy  surface  after  treatment,  whereas  the  untreated  alloys  have  a  flat  surface 
structure.  Cr23C6  forms  on  the  316  stainless  steel,  and  NbC  and  TiC  forms  on  the  Nb-  and  Ti-added  alloys, 
respectively.  The  enhanced  electrical  conductivity  after  surface  treatment  is  attributed  to  the  formation 
of  these  carbide  particles,  which  possibly  act  as  electro-conductive  channels  through  the  passive  film. 
Furthermore,  NbC  and  TiC  are  considered  to  be  more  effective  carbides  than  Cr23C6  as  electro-conductive 
channels  for  stainless  steel. 

©  2008  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  proton-exchange  membrane  fuel  cell  (PEMFC)  is  attract¬ 
ing  much  interest  as  an  energy  conversion  device  because  it  offers 
a  higher  coefficient  of  energy  conversion  than  that  of  a  conven¬ 
tional  internal  combustion  engine,  as  well  as  having  environmental 
advantages  [1,2].  The  bipolar  plate  is  a  key  component  in  a  PEMFC 
[3].  Many  companies  and  institutes  are  using  graphite  plates  as 
bipolar  plates  in  research  on  fuel  cells.  The  high  cost  of  machin¬ 
ing  these  graphite  plates,  however,  is  a  practical  obstacle  to  their 
widespread  application  [4,5]. 

Alternatively,  metals  appear  to  be  good  candidates  for  bipolar 
plates.  This  is  because  they  can  be  easily  deformed  and  have  a  bet¬ 
ter  electrical  conductivity  than  that  of  graphite.  Recently,  much 
research  has  been  directed  towards  the  development  of  metal- 
bipolar  plates  using  austenite  stainless  steels,  which  have  good 
corrosion  resistance.  316  stainless  steels  are  excellent  candidate 
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materials  for  bipolar  plates  due  to  their  good  corrosion  behaviour  in 
PEMFC  environments  [6-8].  Passivation  of  these  steels  may  increase 
the  contact  resistance  and  reduce  fuel  cell  performance  [6].  Taru- 
tani  [9]  reported  that  stainless  steel  in  which  Cr-base  carbides  were 
precipitated  continuously  maintained  low  contact  resistance  [9]. 
On  the  other  hand,  the  precipitation  of  Cr-carbides,  such  as  Cr23C6, 
causes  the  formation  of  a  Cr-depleted  zone  adjacent  to  the  grain 
boundaries  and  accelerated  the  corrosion  of  the  stainless  steel  [10]. 
Thus,  the  inclusion  of  Cr23C6  is  considered  undesirable  [11]. 

This  study  attempts  to  improve  the  interfacial  contact  con¬ 
ductance  of  metal-bipolar  plates  using  austenite  stainless  steels 
by  employing  electrically  conductive  precipitates  in  316  stainless 
steels  (SS).  Niobium  and  titanium  are  added  to  produce  conductive 
precipitates  in  the  316SS  and  the  interfacial  contact  conductance 
and  the  corrosion  resistance  are  estimated.  It  is  thought  that  the 
precipitates  may  play  the  role  of  a  channel  over  the  passive  films 
and  thereby  allow  the  passage  of  electrical  carriers. 

2.  Experimental  procedure 

2.1.  Process  details 

The  alloys  used  in  this  study  (alloy  2  and  alloy  3)  were  prepared 
from  316SS,  and  316SS  itself  (alloy  1 )  was  used  in  its  original  form  as 
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Table  1 

Chemical  composition  of  samples  (wt.%). 


Chemical  composition  (wt.%)  (Fe:  balance) 

Cr 

Ni 

C 

Ti 

Nb 

Alloy  1 

17 

12 

0.08 

0 

0 

Alloy  2 

17 

12 

0.08 

0 

3.0 

Alloy  3 

17 

12 

0.08 

0.6 

0 

one  of  the  studied  alloys.  Button  ingots  of  approximately  90  g,  which 
contained  3.0  wt.%  Nb  and  0.6  wt.%  Ti,  respectively,  were  prepared 
by  vacuum  arc  melting  under  an  argon  atmosphere  using  a  non¬ 
consumable  tungsten  electrode,  and  then  remelted  more  than  five 
times  to  ensure  homogeneity.  The  chemical  compositions  of  the 
three  alloys  compared  in  this  study  are  given  in  Table  1.  Solution 
treatment  was  carried  out  at  1300  °C  in  an  argon  atmosphere  for  2  h. 
In  order  to  precipitate  carbides  in  each  alloy,  2-h  ageing  treatment 
was  applied  at  840  °C  for  316SS,  1050  °C  for  Nb-added  316SS,  and 
980  °C  for  Ti-added  316SS.  Surface  treatment  was  conducted  after 
the  ageing  treatment.  A1203  powder  (particle  size  about  46  pan) 
used  for  shot  blasting,  and  samples  were  pickled  at  60  °C  in  a  mixed 
acid  solution  (water  +  HF  +  HN03 ). 

2.2.  Interfacial  contact  resistance 

The  interfacial  contact  resistance  (ICR)  between  each  sample 
and  its  gas-diffusion  layer  (GDL)  was  measured  with  an  ohm  meter 
under  simulated  PEMFC  conditions,  as  shown  in  Fig.  1,  and  as  a 
function  of  compaction  force  [12].  A  fixed  electrical  current  (1  A) 
was  passed  through  the  arrangement  and  the  potential  difference 
was  monitored  as  the  compaction  on  the  assembly  was  periodically 
increased  (10-200 N cm-2).  The  interfacial  contact  resistance  was 
calculated  as  follows  [13]: 

ICR  -  -  ~  Rc  x  A  (1) 

where  R  is  the  total  resistance,  RG  is  the  resistance  between  a  copper 
plate  and  the  GDL,  and  A  is  the  area  (1  cm2).  The  ICR  value  of  the 
copper  plate | GDL  interface  was  corrected  by  calibration.  Therefore, 
the  ICR  results  reported  in  this  paper  are  only  the  corrected  ICR 
values  for  the  sample] GDL  interface. 

2.3.  Single-cell  tests 

Single  cells  were  assembled  with  catalyst-coated  membranes, 
wet-proofed  carbon  papers,  gaskets,  and  the  prepared  bipolar 
plates.  To  operate  the  single  cells,  92-95%  humidified  hydrogen 
and  air  gases  were  fed  to  the  anode  and  cathode,  respectively.  The 
stoichiometry  of  the  H2  and  air  was  1.5  and  2.0,  respectively.  The 


Load 


tance. 


operating  temperature  and  pressure  were  66/65/62  (anode,  cell, 
cathode)  and  1  atm,  respectively.  The  bipolar  plates  were  of  the 
5-channel  serpentine  type. 

3.  Results  and  discussion 

3.1.  Microstructure  characterization 

Fig.  2(a),  (b)  and  (c)  shows  the  X-ray  photoelectron  spectroscopy 
(XPS)  spectra  of  the  surfaces  of  alloys  1, 2  and  3,  respectively,  before 
surface  treatment.  According  to  the  narrow  scanning  spectra  of 
alloy  1  shown  in  Fig.  2(a),  the  Cr  2p  peak  is  present  as  an  oxide, 
Cr203.  No  oxide  peaks  are  apparent  for  Nb  or  Ti.  According  to  the 
narrow  scanning  spectra  of  alloy  2  shown  in  Fig.  2(b),  the  Cr  2p  peak 
is  Cr03.  For  Nb  3d  and  Ti  2p,  Nb  3d  represents  Nb205  and  Ti  oxide 
peaks  are  not  observed.  Fig.  2(c)  shows  the  narrow  scanning  spectra 
of  alloy  3.  For  Cr  2p,  the  peaks  are  mainly  of  Cr03,  as  in  the  case  for 
alloy  2.  For  Nb  3d,  no  Nb  oxide  peaks  are  observed.  For  Ti  3d,  the 
peaks  are  mainly  those  for  Ti02. 

Fig.  3  shows  scanning  electron  microscopy  (SEM)  images  of  the 
surfaces  of  alloy  1,  alloy  2  and  alloy  3  before  and  after  surface 
treatments.  The  surface  morphologies  of  the  alloys  are  smooth  and 
no  precipitates  are  observed  before  surface  treatment  (Fig.  3(a)), 
but  small  precipitates  (150-200  nm)  are  found  after  surface  treat¬ 
ment  (Fig.  3(b)-(d)).  Energy  dispersive  spectrometer  (EDS)  analysis 
reveals  that  these  precipitated  particles  are  the  Cr-rich  phase 
(Fig.  4(a)),  Nb-rich  phase  (Fig.  4(b))  and  Ti-rich  phase  (Fig.  4(c)) 
for  alloys  1,  2  and  3,  respectively. 

It  is  well  known  that  chromium  carbides  (mainly  C23C6)  pre¬ 
cipitate  in  grain  boundaries  when  FeCrNi  stainless  steel  is  aged  in 
the  temperature  range  400-850  °C.  Thus,  it  can  be  seen  that  the  Cr- 
rich  precipitates  (Fig.  4(a))  formed  in  alloy  1  (316SS)  after  ageing  at 
840  °C  are  Cr-carbides  (Cr23C6).  Both  Nb  and  Ti,  which  strengthen 
carbides,  are  added  to  austenitic  stainless  steel  in  order  to  prevent 
the  precipitation  of  Cr-carbides.  As  can  be  seen  in  Fig.  4(b),  for  the 
Nb-added  alloy  (alloy  2)  aged  at  1050  °C,  only  Nb-carbides  (NbC) 
are  formed  in  the  matrix.  As  for  Ti-added  alloy  (alloy  3)  aged  at 
980  °C,  only  Ti-carbides  (TiC)  are  formed  (Fig.  4(c)).  In  the  case  of  the 
Nb-  and  Ti-added  alloys,  the  Cr23C6  carbides  dissolve  completely 
because  the  annealing  time  and  temperature  are  sufficient  [14-19]. 
These  results  indicate  that,  after  ageing,  Cr23C6,  NbC  and  TiC  are 
precipitated  in  alloy  1,  alloy  2  and  alloy  3,  respectively.  The  car¬ 
bides  formed  are  projected  into  the  surface  after  subsequent  surface 
treatment. 

3.2.  Interfacial  contact  resistance 

In  our  first  experiments,  we  tested  the  interfacial  contact  resis¬ 
tance  versus  the  compaction  force  of  the  three  experimental  alloys. 
Fig.  5  gives  the  interfacial  contact  resistance  of  each  specimen 
before  and  after  surface  treatments.  The  ICR  decreases  with  increas¬ 
ing  compaction  force  for  all  samples.  Further,  the  values  for  the 
specimens  after  surface  treatment  are  lower  throughout  the  range 
of  compaction  force  (Fig.  5(a)).  Before  surface  treatment,  the  con¬ 
tact  resistance  for  alloys  1,  2  and  3  are  approximately  25,  35 
and  30  m£2  cm2,  respectively,  at  a  compaction  force  of  140  N cm-2 
(Fig.  5(b)).  After  surface  treatment,  the  corresponding  contact 
resistance  is  approximately  15,  10  and  lOm^cm2  (Fig.  5(b)). 
This  indicates  that  after  surface  treatment  all  samples  showed 
a  remarkable  enhancement  of  electrical  conductivity.  Although 
before  surface  treatment  the  contact  resistances  of  alloys  2  and  3 
are  higher  than  that  of  alloy  1,  after  surface  treatment  the  contact 
resistances  of  alloys  2  and  3  are  lower  than  that  of  alloy  1,  as  shown 
in  Fig.  5(b).  This  indicates  that  surface  treatment  results  in  a  greater 
improvement  in  electrical  conductivity  for  alloys  2  and  3  than  for 
alloy  1. 
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For  stainless  steel,  the  Cr-base  protective  oxide  that  forms  on 
surface  tends  to  yield  a  high  value  of  the  interfacial  contact  resis¬ 
tance,  which  can  significantly  degrade  electrical  performance  [20]. 
Seo  et  al.  [21  ]  and  Potgieter  and  Varga  [22]  reported  that  NbOx  and 
TiO*  are  formed  on  Nb-  and  Ti-modified  stainless  steel,  respec¬ 
tively,  and  Davies  et  al.  [7]  found  a  significant  increase  in  ICR  for 
321 SS  (Ti  added)  and  347SS  (Nb  added).  In  our  results,  the  con¬ 


tact  resistance  for  Nb-  and  Ti-added  316SS  (alloy  2  and  alloy  3) 
before  surface  treatment  is  higher  than  for  the  316SS  alone  (alloy 
1 ).  This  is  attributed  to  the  growth  of  an  electrically  insulating  oxide 
film  (Fig.  2).  After  surface  treatment,  however,  the  contact  resis¬ 
tances  for  Nb-  and  Ti-added  316SS  decrease  significantly  and  are 
lower  than  that  of  the  316SS.  This  behaviour  can  be  explained  as 
follows.  After  surface  treatment,  the  precipitates  Cr23C6,  NbC  and 


Fig.  2.  XPS  spectra  for  surfaces  of  (a)  alloy  1,  (b)  alloy  2  and  (c)  alloy  3  before  surface  treatment. 
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Fig.  2.  ( Continued ). 


TiC  are  dispersed  and  exposed  on  the  surfaces  of  alloys  1,  2  and 
3,  respectively.  These  inclusions  function  as  an  electrical  path  and 
help  to  reduce  the  contact  electrical  resistance.  Generally,  carbides 
such  as  NbC,  TiC  and  Cr23C6  have  much  better  electrical  conduc¬ 
tivity  than  passive  films  [23].  Also,  the  electrical  conductivities  of 
MC-type  carbides  such  as  TiC  and  NbC  are  higher  than  those  of 
M23C6-type  carbides  such  as  Cr23C6  [24,25].  In  other  words,  TiC 
and  NbC  are  more  effective  than  Cr23C6  as  electro-conducting  chan¬ 
nels  on  stainless  steel;  thus,  alloy  2  with  NbC  and  alloy  3  with  TiC 
show  lower  contact  resistance  than  alloy  1  with  Cr23C6  after  surface 
treatment. 


3.3.  Single-cell  performance 

Single  cells  of  bare  316SS  plates  and  the  Nb-  and  Ti-added  316SS 
(alloy  2  and  alloy  3)  bipolar  plates  were  assembled  for  tests  of  cell 
performance.  The  reaction  area  was  25  cm2  and  the  fuels  were  pure 
hydrogen  and  air. 

Fig.  6  presents  the  I-V  and  I-P  curves  of  the  single  cells  with 
graphite  plates,  316SS  plates  and  bipolar  plates  of  alloys  2  and 
3  (after  ageing  and  surface  treatment).  At  0.6  V,  the  single  cells 
employing  alloy  2,  alloy  3  and  316SS  bipolar  plates  produce  cur¬ 
rent  densities  of  672,  630  and  413  mA cm-2,  respectively.  Alloy  2 
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Fig.  3.  Surface  SEM  images  of  alloy  1  (a)  before  and  (b)  after  surface  treatment  and  images  of  (c)  alloy  2,  and  (d)  alloy  3  after  surface  treatment. 
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Fig.  4.  EDS  results  obtained  from  small  particles  formed  on  (a)  alloy  1,  (b)  alloy  2  and  (c)  alloy  3  after  surface  treatment. 


Fig.  5.  Interfacial  contact  resistances  of  alloy  1,  alloy  2  and  alloy  3  (a)  before  and  after  surface  treatment  as  a  function  of  compaction  force  and  (b)  at  compaction  force 
MON  cm-2. 
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and  alloy  3  performed  better  than  the  316SS.  This  is  probably  due 
to  the  lower  contact  resistance  (Figs.  5  and  6). 

4.  Conclusions 

In  order  to  improve  the  electrical  conductivity  of  316SS,  Nb  and  Ti 
are  added  and  the  resulting  alloys  are  subjected  to  heat  and  surface 
treatment.  The  findings  are  listed  below.  These  results  suggest  that 
Nb-  and  Ti-added  316SS  are  highly  promising  as  bipolar  plates  for 
PEMFCs  due  to  their  enhanced  electrical  conductivity: 

1.  Cr  oxide  (Cr203 )  is  mainly  formed  on  the  surface  of  316SS  before 
surface  treatment.  In  the  cases  of  Nb-  and  Ti-added  316SS,  Cr 
oxide  (Cr03 )  is  formed,  and  Nb  oxide  (Nb205 )  and  Ti  oxide  (Ti02 ), 
respectively,  are  also  formed  before  surface  treatment. 

2.  After  surface  treatment,  all  samples  exhibit  remarkable  enhance¬ 
ment  of  electrical  conductivity.  The  Nb-  and  Ti-added  316SS  give 
greater  enhancement  of  electrical  conductivity  than  the  original 
316SS. 

3.  After  ageing  the  samples,  SEM  observations  reveal  that  NbC  and 
TiC  are  precipitated  in  Nb-  and  Ti-added  316SS,  respectively.  The 
carbides  are  projected  into  the  surface  after  subsequent  surface 


treatment.  Also,  Nb-  and  Ti-added  316SS  have  lower  surface  den¬ 
sities  of  carbide  species  than  the  original  316SS  although  they 
have  a  more  enhanced  electrical  conductivity  than  the  original 
alloys.  These  results  suggest  that  NbC  and  TiC  are  more  effective 
than  Cr23C6  as  electro-conducting  channels  on  316SS. 
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